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SUMMARY 

Computational movies were used t o  analyze t h e  format ion and co l l apse  o f  
vapor c a v i t a t i o n  bubbles i n  a submerged j o u r n a l  bear ing.  The e f f e c t  o f  
v i b r a t i o n  ampl i tude on vapor c a v i t a t i o n  was s tud ied  f o r  a j o u r n a l  undergoing 
c i r c u l a r  w h i r l .  
r i thm,  which conserves mass f l o w  through the  c a v i t a t i o n  bubble as w e l l  as 

0 0 through the  o i l - f i l m  reg ion  o f  t h e  bear ing.  
N cr) d i f f e r e n t  cases s tud ied  resu l ted  i n  maximum e c c e n t r i c i t y  r a t i o s  ranging f rom 
I 0.4 t o  0.9. The minimum e c c e n t r i c i t y  r a t i o  reached i n  each case was 0.1.  For 

the  l e a s t  v i b r a t i o n  ampl i tude studled i n  which t h e  e c c e n t r i c i t y  r a t i o  var ied  
between 0.1 and 0.4, no vapor c a v i t a t i o n  occurred. The l a r g e s t  v i b r a t i o n  
ampl i tude ( i .e . ,  e c c e n t r i c i t y  r a t i o s  o f  0.1 t o  0.9) resu l ted  i n  vapor c a v i t a -  
t i o n  present  76 percent o f  one complete o r b i t .  

The boundary condi t ions were implemented us ing  E l r o d ' s  a lgo-  

The v i b r a t i o n  amplitudes f o r  the  

W 

INTRODUCTION 

Vapor c a v i t a t i o n  i n  submerged j o u r n a l  bear ings i s  a type o f  c a v i t a t i o n  
t h a t  4 s  on ly  present  when the bearing i s  i n  a dynamic s ta te .  Normally vapor 
c a v i t a t i o n  appears du r ing  some p a r t  o f  a v i b r a t i o n  when the  dynamic load ing  on 
a bear ing  r e s u l t s  i n  a r a p i d  increase o f  the  minimum o i l - f i l m  th ickness.  Sur- 
face  separat ion due t o  normal motion causes f i l m  pressure t o  decrease u n t i l  
t he  t e n s i l e  s t reng th  o f  the o i l  o r  the  bonding s t reng th  o f  t he  o i l  t o  t he  
bear ing  surfaces i s  exceeded. The c a v i t a t i o n  bubble produced conta ins most ly  
o i l  vapor o f  a very low pressure (c lose t o  vacuum). 

Q u i t e  f requent ly ,  vapor c a v i t a t i o n  produces eros ion  on the  bear ing sur-  

The presence o f  vapor c a v i t a t i o n  a l s o  
faces when the  vapor bubbles a re  t ranspor ted t o  a high-pressure area o f  the 
l u b r i c a t i n g  f i l m  where they col lapse. 
changes t h e  dynamic behavior o f  the bear ing.  I n  p a r t i c u l a r ,  t he  damping i n  
the  bear ing  decreases considerably.  

The phenomenon o f  vapor c a v i t a t i o n  i n  j o u r n a l  bear ings was exper imenta l ly  
s tud ied  by Jacobson and Hamrock ( re f s .  1 and 2 ) .  They found t h a t  the  s i z e  o f  
t he  vapor c a v i t a t i o n  zone was dependent on fac to rs  such as the  v i b r a t i o n  
ampl i tude, t he  minimum o i l - f i l m  thickness reached du r ing  a v i b r a t i o n ,  and the  
sur face energy o f  t he  bear ing surfaces. 



This  r e p o r t  i s  a theore t ica l -numer ica l  i n v e s t i g a t i o n  of the  appearance, 
growth, co l lapse,  and disappearance o f  t he  vapor c a v i t a t i o n  zone f o r  a sub- 
merged j o u r n a l  bearing. A computer program was developed ( r e f .  3 )  which uses 
E l r o d ' s  a l g o r i t h m  f o r  t h e  c o n t i n u i t y  o f  mass f l o w  i n t o ,  through, and ou t  o f  t he  
vapor c a v i t a t i o n  zone. This  program makes i t  poss ib le  t o  p r e d i c t  t h e  dynamic 
behavior o f  t h e  vapor c a v i t a t i o n  zone. 
Research Center was used t o  do the  computations. 

The Cray computer a t  NASA Lewis 
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SYMBOLS 
s h a f t  diameter, m 

e c c e n t r i c i t y  

sw i tch  func t i on  ( c a v i t a t i o n  index) 

f i l m  thickness, m 

bear ing length, m 

length  t o  diameter r a t i o  

l i n e a l  mass f lux,  kg/m-s 

f l u i d  pressure, N/m2 

ambient f l u i d  pressure, N/m2 

c a v i t a t i o n  f l u i d  pressure, N/m2 

rad ius  o f  shaft ,  m 

r a d i a l  clearance, m 

time, s 

sum o f  surface v e l o c i t i e s  i n  x -d i rec t i on ,  m/s 

sum o f  surface v e l o c i t y  vectors,  m/s 

load capacity, N 

squeeze-velocity, m/s 

coord inate along circumference, m 

coord inate normal t o  x,z plane, m 

a x i a l  coordinate, m 

l i q u i d  bu lk  modulus, N/m2 

angular p o s i t i o n  o f  minimum f i l m ,  rad 

e c c e n t r i c i t y  r a t i o ,  e/AR 
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f r a c t i o n a l  f i l m  content  i n  c a v i t a t i o n  zone; dens i t y  r a t i o  (p/pc) i n  
f u l l - f i l m  zone 

dynamic v i s c o s i t y ,  N-s/m2 

f l u i d  dens i ty  w i t h i n  f u l l - f i l m  zone, kg/m3 

f l u i d  dens i ty  w i t h i n  cav i ta ted  zone, kg/m3 

angular coord inate r e l a t i v e  t o  minimum f i l m  l i n e ,  rad 

o r b i t a l  angular v e l o c i t y  o f  j ou rna l  cen ter  about f i x e d  p o i n t  r e l a t i v e  t o  
housing center ,  rad/s 

angular v e l o c i t y  o f  j o u r n a l  about i t s  own center,  rad/s 

Subscr ip ts :  

max maximum 

min minimum 

BACKGROUND THEORY 

E l rod  and Adams ( r e f .  4), implemented a moving boundary scheme t h a t  avoids 
i n t e r f a c e  compl icat ions.  The fo l l ow ing  i s  a rev iew o f  some o f  t he  under1,ying 
fac to rs  t h a t  l e d  t o  the  a lgo r i t hm which was l a t e r  mod i f ied  by E l rod  ( r e f .  5) 
and used here. The conservat ion o f  mass can be w r i t t e n  as 

? f & + $ . ( i ) = o  
a t  

where m' represents the  l i n e a l  mass f l u x  and i s  g iven by 

S u b s t i t u t i n g  equat ion ( 2 )  i n t o  equation (1) y i e l d s  the  Reynolds l u b r i c a t i o n  
equat ion.  This equat ion i s  made app l icab le  t o  the  c a v i t a t i o n  reg ion  as w e l l  as 
t o  t h e  f u l l - f i l m  reg ion  by incorpora t ing  a swi tch ing  f u n c t i o n  t h a t  automat- 
i c a l l y  s a t i s f l e s  the  boundary condi t ions a t  a moving i n t e r f a c e .  Furthermore, 
t he  f r a c t i o n a l  f i l m  content e i s  made t h e  dependent va r iab le .  This  requ i res  
g i v i n g  e a dual  i n t e r p r e t a t i o n .  That i s ,  i n  the  f u l l - f i l m  reg ion,  e repre-  
sents the  mass content  o f  the  f i l m  t h a t  exceeds the  content  a t  the  c a v i t a t i o n  
pressure Pc. I n  o ther  words, 

P e =  
PC 

( 3 )  

where pc i s  t he  dens i ty  o f  t he  l i q u i d  a t  P,. Furthermore, P and p are 
r e l a t e d  through the  equat ion f o r  the l i q u i d  bu l k  modulus according t o  
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aP 
aP 

p- = 0 ( 4 )  

o r  

P = P c  +Bine e 2 1.0 (5) 

I n  the  c a v i t a t i o n  reg ion  e 5 1.0, 8 determines t h e  mass content  pceh, which 
can man i fes t  i t s e l f  i n  t he  form o f  a smeared mass o r  s t r i a t e d  f l o w  extending t o  
both surfaces i n  the f i l m  gap. 
reg ion  i n  the  form o f  an adhered f i l m  can be neglected f o r  h e a v i l y  loaded 
cond i t ions .  

The f l u i d  t ranspor ted  through t h e  c a v i t a t i o n  

A un i ve rsa l  d i f f e r e n t i a l  equat ion i s  made poss ib le  by l i n k i n g  the  solu- 
t i o n s  o f  t he  f u l l - f i l m  reg ion  w i t h  the  so lu t i ons  i n  the  c a v i t a t e d  reg ion  by a 
s i n g l e  dependent va r iab le  0. However, a c a v i t a t i o n  index, o r  sw i tch  func- 
t i o n  g, was inc luded so t h a t  t h e  r e s u l t i n g  p a r t i a l  d i f f e r e n t i a l  equat ion would 
be cons is ten t  w i t h  the  un i fo rm pressure assumption w i t h i n  the  c a v i t a t e d  reg ion.  
The swi tch  func t i on  I s  def ined from a knowledge o f  0. Thus, 

I g = o  e < - 1.0 

g = l  e .1.0 

The swi tch  func t i on  g i s  made a f a c t o r  o f  t he  pressure g rad ien t  term i n  
equat ion ( 2 )  so tha t  the  f l o w  i s  s t r i c t l y  Couette i n  the  c a v i t a t e d  reg ion.  
Expressing the  l i n e a l  mass f l u x  a i n  terms o f  8 and g and s u b s t i t u t i n g  i t  
i n t o  equat ion 1 y i e l d  the  un ive rsa l  d i f f e r e n t i a l  equat ion obtained by E l rod  and 
Adams ( r e f .  4 ) :  

I n  t h e  f u l l - f i l m  reg ion  the  so lu t i ons  o f  e together  w i t h  equat ion ( 5 )  
determine the  pressures. I n  the  c a v i t a t i o n  reg ion,  g = 0 and equat ion ( 7 )  
becomes 

Equation ( 8 )  governs the t ranspor t  o f  the  f l u i d  through the  c a v i t a t i o n  reg ion.  

The numerical d e t a i l s  a re  g iven i n  Brewe's work ( r e f .  3) as w e l l  as i n  
the  o r i g i n a l  pub l i ca t i ons  by E l rod  and Adams ( r e f . 4 )  and E l rod  ( r e f .  5 ) .  The 
method combines a c o n t r o l  volume approach t o  d e r i v i n g  the  f i n i t e - d i f f e r e n c e  
equations w i th  the use o f  a sw i tch ing  f u n c t i o n  t o  au tomat i ca l l y  s a t i s f y  the  
boundary condi t ions a t  a moving i n t e r f a c e .  An a l t e r n a t i n g  d i r e c t i o n  i m p l i c i t  
scheme i s  appl ied.  A t  each h a l f - t i m e  step the  i m p l i c i t  Euler  method i s  used 
t o  march i n  t i m e .  Th is  method i s  known t o  be u n c o n d i t i o n a l l y  s t a b l e  ( r e f .  6) 
i n s o f a r  as the  ord inary d i f f e r e n t i a l  equat ion i s  s tab le .  I n  the  f i r s t  h a l f -  
t ime step, spacial  d i f f e r e n c i n g  along the  c i r cumfe ren t ia l  d i r e c t i o n  r e s u l t s  i n  
a p e r i o d i c  t r i d i a g o n a l  ma t r i x .  The so lu t i ons  f o r  e and, consequently, p are  
found by performing a Gauss-Jordan reduc t ion  on t h e  m a t r i x  a long w i t h  a maximum- 
p i v o t  s t ra tegy  t o  reduce the  e r r o r .  Spacial  d i f f e r e n c i n g  a long the  a x i a l  d i r e c -  
t i o n  I s  performed t o  complete the  t ime step. The so lu t i ons  f o r  t h i s  sweep a re  
more r e a d i l y  obtained by us ing  a nonpivoted Gaussian e l i m l n a t i o n  procedure ( t r i -  
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diagonal  so l ve r ) .  Since the  j ou rna l  and housing a re  a l igned,  the  pressures 
must be symmetric about the  a x i a l  center. Consequently, t he  c a l c u l a t i o n s  a re  
on ly  made over h a l f  t he  a x i a l  length o f  t he  housing. 

RESULTS AND DISCUSSION 

Cav i ta t i on  and Pressure D i s t r i b u t i o n  

The e f f e c t  o f  v i b r a t i o n  amplitude on vapor c a v i t a t i o n  was s tud ied  f o r  a 
j o u r n a l  undergoing c i r c u l a r  w h i r l .  The j o u r n a l  bear ing c o n f i g u r a t i o n  i s  shown 
i n  f i g u r e  1. The range o f  amplitudes and cond i t i ons  considered i n  t h i s  study 
a r e  l i s t e d  i n  t a b l e  I .  

Figures 2 t o  4 i l l u s t r a t e  the pressure h i s t o r y  w i t h i n  the  f l u i d - f i l m  
reg ion  f o r  a j o u r n a l  complet ing one o r b i t  o f  i t s  cyc le .  F igure  2 represents 
the  case i n  which 0.1 5 c 5 0.9. The maximum v i b r a t i o n  amplitudes i n  f i g u r e s  3 
and 4 resu l ted  i n  tmax o f  0.7 and 0.5, respec t l ve l y .  As t he  maximum 
v i b r a t i o n  ampl i tude i s  decreased (1.e.) tmax = 0.9 ,  0.7, and 0.5) the  s i z e  
and l i f e  o f  t he  bubble decrease ( i . e . ,  t = 49.4 ms, 42.1 ms, and 20.5 ms) 
respec t i ve l y .  For tmax = 0.4, c a v i t a t i o n  was n o t  present .  

F igure  2(a) represents the  p o s i t i o n  o f  t h e  j o u r n a l  w i t h i n  the  housing and 
the  associated pressure d i s t r i b u t i o n  a t  t he  i n s t a n t  t h a t  t he  e c c e n t r i c i t y  i s  a 
minimum. The dark oblong reg ion ind ica tes  the  shape and p o s i t i o n  o f  a vapor 
bubble downstream o f  t he  minimum-film l i n e .  The p o s i t i o n  o f  t he  bubble w i t h i n  
the  smal l  c learance space o f  the  journa l  bear ing i s  a l s o  ind ica ted .  A t  t h i s  
p a r t i c u l a r  i n s t a n t  t he  tendency o f  the pressure f l o w  along the  s ide  o f  the 
bubble t o  cause the  bubble t o  co l lapse i s  becoming grea ter  s ince i t  i s  propor-  
t i o n a l  t o  h3. The j o u r n a l  center  moves i n  a c lockwise o r b i t  f rom f i g u r e  2(a) 
t o  (b )  (nea r l y  one-quarter o f  a revo lu t i on ) .  While the  e c c e n t r i c i t y  i s  
inc reas ing ,  t he  minimum f i l m  i s  decreasing - g i v i n g  r i s e  t o  the  squeeze a c t i o n  
i n  t h e  v i c i n i t y  o f  t he  minlmum-film l i n e .  A s l i g h t  r i s e  i n  the  pressure f i e l d  
can be observed there.  Note however t h a t  t he  vapor bubble has moved f u r t h e r  
downs.tream f r o m  i t s  p o s i t i o n  i n  2(a). I t  i s  now located a t  the  p o s i t i o n  o f  
maximum f i l m  th ickness.  The increased s ide  f l o w  w i l l  cause t o t a l  bubble 
co l lapse.  

From f i g u r e  2(b) t o  ( c )  c a v i t a t i o n  i s  absent. I n  f i g u r e  2(c ) ,  a new cav i -  
t a t i o n  bubble appears and the  pressure generat ion i n  the  reg ion  o f  t he  minimum- 
f i l m  l i n e  becomes s i g n i f i c a n t l y  large because o f  the  squeeze and wedge e f f e c t  
t a k i n g  p lace  there.  F igure 2(d) represents t h e  c o n f i g u r a t i o n  o f  the  bear ing 
when t h e  maximum pressure occurs. Note t h a t  t h i s  happens 3.5 ms before the  
maximum e c c e n t r i c i t y  i s  reached because o f  t he  mot ion o f  t he  sha f t  ( f i g .  5 ) .  
As  t h e  j o u r n a l  approaches the  end o f  t he  squeeze cyc le  and begins t o  separate 
f rom the  shaf t ,  the  s l i d i n g  v e l o c i t y  approaches a minimum value and the  squeeze 
v e l o c i t y  passes through zero. The e f f e c t  t h i s  has on the  pressures more than 
o f f s e t s  any increase i n  pressure tha t  would have been r e a l i z e d  because o f  the 
smal ler  minimum f i l m  th ickness.  

F igure  2(e) represents the  end o f  the  squeeze cyc le  i l l u s t r a t i n g  t h i s  
reverse e f f e c t .  Now the  minimum f i l m  th ickness begins t o  increase, c r e a t i n g  a 
suc t i on  e f f e c t ,  an accompanying growth i n  the  bubble, and a complete d i ss ipa -  
t i o n  of the  pressure hump noted i n  2 ( f ) .  I t  i s  i n t e r e s t i n g  t o  note t h a t  t he  
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e c c e n t r i c i t y  i s  the same (0.83) f o r  f i g u r e s  2(c) and ( f ) .  
ference i n  the  pressure p l o t  i s  a r e s u l t  o f  t h e  squeeze v e l o c i t y  having 
opposi te  s igns i n  t h e  two s i t u a t i o n s .  
increase as I t  moves i n  a c lockwise d i r e c t i o n .  The rep resen ta t i on  shown i n  
f i g u r e  2(a) i s  repeated as i s  each o f  t h e  representat ions f o r  each succeeding 
orb1 t. 

The d r a s t i c  d i f -  

The minimum f i l m  th ickness cont inues t o  

Load Capacity Versus E c c e n t r i c i t y  

Figures 6(a) t o  ( d )  represent t h e  load capaci ty  as a f u n c t i o n  o f  eccen- 
t r i c i t y  f o r  d i f f e r e n t  v i b r a t i o n  ampli tudes. 
these f i g u r e s  I s  t h a t  t h e  c a v i t a t i o n  produces a hys te res i s  e f f e c t  i n  t h e  load 
cyc le .  As prev ious ly  noted, t he  s i z e  and l i f e  o f  t h e  bubble decrease w i t h  
decreasing v i b r a t i o n  ampli tude. The hys te res i s  e f f e c t  i s  more pronounced f o r  
h igher  v i b r a t i o n  amplitudes. I n  f i g u r e  6(d) t h e  maximum e c c e n t r i c i t y  reached 
i n  t h e  load cyc le  was 0.4 and c a v i t a t i o n  was absent. 
t i o n  r e s u l t e d  i n  a load c y c l e  w i thou t  hys te res i s .  

The predominant e f f e c t  t o  note i n  

The absence o f  c a v i t a -  

CONCLUSIONS 

The fo l l ow ing  conclusions can be s ta ted  f o r  those cases i n  which t h e  
v i b r a t i o n  amplitude i s  increas ing:  

1. The vapor bubble l i f e  increases. 

2. Maximum vapor bubble s i z e  increases. 

3. The bubble i n c e p t i o n  comes e a r l i e r  and t h e  bubble co l l apse  comes l a t e r .  

4. The v a r i a t i o n  o f  t he  load-carry ing capaci ty  increases. 

5. The load cyc le changes from nonhysteret ic  t o  h y s t e r e t i c  when vapor 
c a v i t a t i o n  occurs. 
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TABLE I . . OPERATING C O N D I T I O N S  

R a d i a l  c lea rance .  hR. mm . . . . . . . . . . . . . . . . . . . . . . . .  0.5 
Radius o f  s h a f t .  R . rnrn . . . . . . . . . . . . . . . . . . . . . . . . .  42.5 
Leng th  t o  d iamete r  r a t j o  . . . . . . . . . . . . . . . . . . . . . . . . .  1.0 
E c c e n t r i c i t y  r a t i o  . c . . . . . . . . . . . . . . . . . . . . . . .  0.1 t o  Cmax 
Maximum e c c e n t r i c i t y  r a t i o .  tmax . . . . . . . . . . . . . . . . .  0.4 t o  0.9 
Angu la r  v e l o c i t y  o f  j o u r n a l  abou t  

i t s  own cen te r .  us.  r a d / s  . . . . . . . . . . . . . . . . . . . . . .  -19.5 
O r b i t a l  angu la r  v e l o c l t y  o f  j o u r n a l  

c e n t e r  about f i x e d  p o i n t  r e l a t l v e  
t o  housing c e n t e r .  ad.  rad /s  . . . . . . . . . . . . . . . . . . . .  -92.7 , L t q u i d  b u l k  modulus.  R .  N/m2 . . . . . . . . . . . . . . . . . . . .  1 . 7 2 ~ 1 0 ~  

Dynamic v i s c o s i t y  . p .  N-s/m2 . . . . . . . . . . . . . . . . . . . . .  0.066 
Ambient p ressu re .  Pa. N/m2 . . . . . . . . . . . . . . . . . . . .  1 . 0 1 3 3 ~ 1 0 ~  

1 C a v i t a t i o n  p ressu re .  Pc . N/m2 . . . . . . . . . . . . . . . . . . . . . .  0.0 

L . 



tL i  
FIGURE 1.- JOURNAL BEARING CONFIGURATION. 
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